The traction control system ( TCS) comprises a slip control subsystem and a directional stability subsystem. The slip controller can enhance the traction performance by maintaining the slip ratio within an appropriate range. Additional information about the lateral behaviour of the vehicle is necessary to enhance the directional stability during cornering or lane change on slippery roads. With an assumption of slowly varying steering input, a new method to measure the mixture of yaw rate and lateral acceleration, using the speed diVerence of non-driven wheels, is proposed. Using this measurement, the controller imposes independent pressure to each driven wheel and improves the stability during cornering on slippery roads or acceleration on split-m roads without additional sensors such as yaw rate and lateral acceleration sensors. The proposed method is veri ed through simulation based on a 15-degrees-of-freedom (15 DOF ) passenger car model.
distance from the roll centre to the vehicle Before the advent of active control methodologies in centre of gravity vehicle control, the dynamic behaviour of a vehicle I z yaw directional moment of inertia during extreme situations was controlled only by the l f , l r the distance from the vehicle centre of driver. The limit of the driver's response time and the gravity to the front/rear axles vehicle sensitivity to the driver's errors make active con-L wb wheel base trol such as the antilock brake system (ABS ) [1] , the m vehicle mass traction control system ( TCS) [2] and vehicle stability OR, OL distances from the vehicle centre of control ( VSC ) [3] necessary for safety improvement. gravity to the centre of the right and left
The fast development of microprocessor technology has non-driven wheels helped active control become the standard methodology P m master cylinder pressure for vehicle stability. The ABS was developed to prevent t wheel track wheel locking and maximize the braking force during V b brake cylinder volume braking using the sensing information of the wheel veloca tyre slip angle ities. The TCS can cover not only the braking behaviour b
body slip angle but also the traction behaviour, controlling the traction torque of the engine by means of the throttle angle. The TCS comprises a slip control part and a direc-
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tional stability enhancement part. The slip control part the maximum traction force is generated. Researchers the case of cornering and acceleration on a split-m road. The proposed method is validated using a 15-degree-of-have used sliding mode control to regulate the slip ratio in the case of variation in brake gain, vehicle mass and freedom (15 DOF ) non-linear vehicle model. road conditions [4, 5] . Jung et al. [6 ] determined the desired brake pressure as a function of the slip ratio and the speed of the driven wheel and controlled the brake 2 VEHICLE MODELLING pressure to track the desired one. Normally, these slip controllers apply the same brake pressure to the left and
The vehicle model shown in Fig. 1 consists of a chassis, right driven wheels or consider the slip regulation of a tyre and a brake. Each part is important to monitor one wheel.
the performance of the TCS and is simpli ed as much The TCS can enhance the lateral stability and steeras possible. The chassis model has 15 DOF, where ability of the vehicle, indirectly maintaining a low slip 6 DOF are for sprung mass, 4 DOF are for suspensions, ratio to prevent any reduction in the lateral tyre force. 4 DOF are for wheel rotation and 1 DOF is for steering. The conventional method requires extra driver steering The UA tyre model [9] is employed since it shows simi-eVort because of the saturation of the lateral adhesion lar characteristics to a real tyre for various slip ratios, force during vehicle manoeuvres on a slippery road. To slip angles and road conditions. This non-linear model solve this problem, the slip ratio of the driven wheels is veri ed by real vehicle tests for impulse and step should be adjusted according to the driver's steering and steering [10] . the lateral movement of the vehicle to increase the lateral
The brake system consists of master cylinders and adhesion forces. In general, to obtain information on TCS modulators which make up the pressure source and lateral vehicle movement, measurement of the yaw rate a brake cylinder which applies the brake pressure to the and the lateral acceleration is necessary.
wheels. The solenoid valves of the brake cylinders repeat Many researchers have investigated the method of on/oV motion forming the brake pressure. The dynamics adjusting the brake pressure using the signals of these of the brake cylinder pressure can be represented as additional sensors. Park and Kim [7] computed the slip follows [11]: angle of the driven wheels using lateral acceleration and yaw rate sensors. They decreased the desired slip ratio
(1) as the slip angle increased, noting that the lateral force decreases as the slip angle increases. Alberti and Babbel where V b , g, c i , P m , r and s i are the brake cylinder [8] distributed individual brake pressures to the tyres to volume, the uid volume coeYcient, the valve constant, balance the yaw directional moment using the estimated the master cylinder pressure, the uid density and the slip angle. solenoid distance respectively. The master cylinder press-All of these methods require expensive additional senure, P m , is always assumed to be ready, and the dynamics sors. These additional sensors are essential to estimate of the TCS modulator is omitted. the transient responses by sudden and rapid steering input such as obstacle avoidance. However, if the control target for the lateral dynamics is restricted to the cases 3 ESTIMATION OF ¾ of slow steering input or constant steering angle, the transient response of the lateral dynamics can be neg-
The slip angle of the non-driven wheel changes according lected and the steady state characteristics of the vehicle to the steering input and the vehicle state, but the slip by steering input can be used to estimate the behaviour ratios of the non-driven wheels stay around zero. If the of the vehicle. The normal situations that drivers conrolling radius of the non-driven wheel is known and the front during cornering or acceleration on a split-m road rotational speed can be measured, it is possible to combelong to these cases.
pute the velocity of the tyre centre in the travelling direc-The present objective is to develop a novel approach tion of the wheels. The left and right centre velocities of that can enhance lateral stability during course tracking non-driven wheels are as follows: on a slippery road or a split-m road without the use of additional sensors. Using the steady state characteristics ṽ =v x x +v y ỹ +v z z (2) of the lateral dynamics, a new method is proposed for
z estimating the mixture of yaw rate and lateral acceler-(3) ation using the speed diVerence of the left and right nondriven wheels without using lateral acceleration and yaw
4) brake pressure to each driven wheel according to this measure is also designed. The brake pressures of the
)ỹ driven wheels are adjusted according to the driver's steering input to improve the directional stability increase in 
) cos d ity to the centre of the right and left non-driven wheels respectively. The subscripts x, y and z describe the roll,
) cos d velocity of the right and left non-driven wheels, respectively, in the SAE xyz coordinates as shown in Fig. 2 .
The velocities of the tyre centres in the travelling direc-It is noted that the diVerence in the two values is mostly tion of the wheels in the transformed coordinates xêyê by due to the yaw rate, v z . The diVerence in the V Lx ¾ and V Rx ¾ is as follows:
Assuming that L 3R # L 3L , the following approximation can be derived:
If the rolling radii of non-driven wheels can be measured, the yaw rate can be estimated using equation (9) . The fundamental cause of the radius diVerence of the left and right wheels is the load change due to the transmission of the lateral acceleration through the suspension. The transient response of the load change is due to the suspension dynamics. If the cases of small variation in the steering input are considered, the transient response of the suspension can be assumed to be negligibly fast. 
where W, r s , t, H and C t are the dynamic load on each suspension, the initial radius of the non-driven wheels, the wheel track, the distance from the roll centre to the vehicle centre of gravity and the vertical stiVness of the tyre as shown in Fig. 3 . It is assumed that r s is known and that the change in the rolling radii cannot be measured. The left-hand side of equation (9) can be divided into the terms v L
, v R and r s , the values of which are Fig. 4 Yaw rate and the estimated value known, and another term given by the equation
Y can be used as the estimate of the yaw rate at very low speed. However, at high speed, Y is diVerent from where K v =(mH )/(2C t t ). Modifying equation (12), the the yaw rate by the eVect of the lateral acceleration and estimate of the yaw rate, Y, can be de ned as follows:
is the weighted summation of the yaw rate and the lateral acceleration. It will be shown through the simulation
, both the yaw rate and the lateral acceleration are regulated. The The measure de ned as Y includes the eVect of the desired value of Y is necessary to design a directional steady state yaw rate and the lateral acceleration. If stability controller based on the Y feedback. For this either a yaw rate sensor or a lateral acceleration sensor reason, it is necessary to calculate not only the desired is available for use, the other can be estimated using yaw rate but also the desired lateral acceleration. equation (13) in the steady state. In this research, it is assumed that neither of the sensors is supplied in the normal TCS vehicle. In Fig. 4 , the yaw rate is compared with Y where the 45°step steering input is applied to 4 COMPUTATION OF ¾ d the vehicle with constant speeds. In normal cases, the yaw rate is almost equal to the estimated value up to 10 km/h since the lateral acceleration is low at low veloc-To compute the desired yaw rate and lateral acceleration, ity. However, the error increases as the speed rises. When it is assumed that drivers expect the normal behaviour the vehicle speed is 30 and 50 km/h, 25 and 100 per cent with which they are familiar even in extreme driving errors are incurred respectively. Hence, it is known that conditions. In this case, the desired yaw rate and lateral acceleration can be computed from a linear vehicle model that has yaw rate and lateral acceleration as states:
where I z is the yaw directional moment of inertia and l f and l r are the distances from the vehicle centre of gravity to the front/rear axles respectively. The lateral tyre force, F y(.)
, is determined by the equivalent cornering stiVness and the wheel slip angle as follows:
where subscripts f and r represent the front and rear tyre respectively; a (.) is derived from the diVerence in the brake pressure distribution based on yaw rate sensing alone makes the vehicle track the desired yaw rate well, but when the lateral force is insuYcient the vehicle may
drift away from the course as the slip angle becomes large [10] . In the proposed method, both the lateral acceleration and the yaw rate go to the desired values (16) and this problem can be alleviated: where b, b f and b r are the body slip angle in the vehicle P a =G b (Y Y d ) centre, front axle and rear axle respectively. Using the steady state assumption, the desired yaw rate and lateral acceleration are computed as follows:
where P des/L , P des/R and G b are the desired brake pressure (17) of the left and right driven wheels and the feedback gain
. Subscript d denotes respectively. the desired value and L wb denotes the wheel base. Quantity K may also be derived from the simulation result using the non-linear vehicle model. Now Y d can 6 SIMULATION RESULTS be de ned using the desired yaw rate and lateral acceleration as follows:
In equation (12), parameter K v includes the vehicle mass, m, the distance from the roll centre to the vehicle mass
a yd (18) centre, H, and the vertical stiVness of the tyre, C t . When the vehicle mass increases, the vertical stiVness of the tyre also increases because of the non-linear character-5 CONTROLLER STRUCTURE istics of the tyre, and H also varies according to the driving conditions. Parameter K v deviates from the nominal value, and non-linear characteristics appear in the The controller schematic proposed in this paper is shown case of cornering or lane change. To validate the pro-in Fig. 5 . Note that the additional brake pressure, P a , is posed controller in this circumstance, the cornering made using Y Y d ; P a is added to the desired brake characteristics of the vehicle on slippery roads and the pressure computed from the fundamental slip controller start-oV characteristics of the vehicle on split-m roads [6 ] to the appropriate wheel, following the rules in equaare investigated. Detailed implementation of the brake tions ( 19) and (20) . The brake pressures of the left and pressure and the throttle angle is explained in reference right driven wheels become diVerent. Normally, the [6 ] .
Cornering characteristics
The vehicle is assumed to accelerate on a curve of 40 m radius at an initial speed of 30 km/h. The desired slip ratio of the fundamental slip controller is designed as 0.2 in this case. The driver model is omitted. It is assumed that the driver does not consider the vehicle status and applies steering to the vehicle according to the current speed in order to track the course with constant radius. The steering angle, d, is obtained from the steady state reference yaw rate equation as follows: Then the driver's steering varies from an initial 46°to a nal 51°after 10 s. As additional brake pressure by the directional stability controller is applied to the right driven wheel, the longitudinal acceleration of the vehicle is decreased as the slip ratio of the right wheel is reduced below 0.2, as shown in Figs 6a and b . That is, the yaw directional moment of the vehicle is preserved as the traction force of the right driven wheel decreases because of the additional brake torque generated by the Y feedback. Though the acceleration decreases, the yaw rate and the lateral acceleration track the desired values within permissible error bounds, as shown in Figs 6c and d . The vehicle with the proposed controller tracks the desired path and the driver's additional steering is unnecessary. However, the conventional TCS vehicle with the conventional controller, which applies the same brake pressure to the left and right driven wheels with a xed target slip ratio, could not track it and spun out.
Start-oV on a split-í road
Another important measure for directional stability is the acceleration performance on split-m roads without the driver's additional steering. Simulation is performed on the condition that the throttle angle increases most on a road where m on the right-hand side is 0.3 (snowy road ) and m on the left-hand side is 0.1 (icy road ). Without the controller, lateral adhesion forces decrease as slip is generated in the left and right driven wheels, as in Fig. 7b . If the driver does not attempt corrective steering in this condition, the vehicle spins out towards the low-m side of the road and consequently leaves the desired course. However, the vehicle with the proposed controller tracks the course as the controller imposes additional brake pressure to the right wheel without the driver's intervention, as shown in Fig. 7c .
Variation in K v
All of the above simulation results are conducted on the condition that the variable K v in equation (12) is known exactly. From equation (12), K v can vary when the vehicle mass increases or tyre in ation pressures change. Therefore, it is necessary to observe the cornering performance if K v used in the controller is diVerent from the actual value. The next simulation result is the case where the nominal K v used in the controller varies by formance of the yaw rate and lateral acceleration shown in Figs 8a and b demonstrates that the total cornering performance does not vary much from the nominal considered. Further investigation of the system uncertainties such as tyre asymmetry, non-linear suspension case. The objective of this simulation is to check the feasibility of the proposed controller, and basic variations in eVect and road geometry are necessary for practical implementation. the system such as vehicle mass and tyre stiVness are directional stability without using additional sensors, a new method is proposed for computing the combination of yaw rate and lateral acceleration using steady state information of lateral dynamics. Additional brake pressure proportional to this measure is applied to the left and right driven wheels conditionally. The proposed controller has been veri ed with simulations based on a 15 DOF passenger car model. The resolution and frequency limit of the sensors used for speed detection of the wheels and the non-linear dynamics of the chassis, which is not considered in the simulation model, can in uence the controller performance. Therefore, further study based on the experiment is needed to check the feasibility of the proposed controller.
